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Abstract 
To increase the comfort level of urban public areas during the summer period, several passive strategies can be 
implemented. In areas characterized by hot and dry summers, the most common techniques are based in solar 
shading, natural ventilation and evaporative processes. The case study analized in this work is a cylindrical 
construction called “Air Tree” that was built in a boulevard in Madrid. It is composed by sixteen evaporative wind 
towers that combine the three passive strategies. The main objective is to evaluate the thermal influence of this 
construction in the perception of heat and cold. This value has been quantified by the outdoor TS comfort index at 1m 
high in the pedestrian area. To that effect, temperature, humidity and radiation values recorded during the summer of 
2008 have been used. Air velocities in the interest area have been obtained indirectly by CFD simulations, previously 
validated with experimental data. The results from this study show that the application of these techniques enhances 
the social and environmental quality of urban spaces.  
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1. Introduction 
Outdoor public areas play an important role in the distribution of urban spaces, energy consumption 
and air quality, but it is unclear how the climatic conditions influence the use of these zones. The 
improvement of the thermal conditions of these public spaces through the use of natural resources 
enhances the comfort levels of the cities, increasing their quality of life [1]. Cities with continental 
climatology promote the use of natural ventilation, evaporative systems and shading devices to reach 
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higher thermal sensations in outdoor spaces during the summer season. With this aim, Ecosistema Urbano 
Office Architects [2] designed and built three cylindrical structures (called ‘Air Trees’) to increase the 
comfort levels along a boulevard, to raise the use of open spaces during the summer months and to drive 
social sustainability in the zone. Each structure was designed with a specific functionality. The southern 
one was provided with a TV screen, the central was designed as a play area, and finally the northern one is 
composed by evaporative wind towers that increase the cooling effect. This article focuses on studying the 
thermal comfort produced by the northern ‘Air Tree’.  
2. Case study: Evaporative wind tower description 
The northern ‘Air Tree’ is a metallic cylindrical structure surrounded by a double plastic envelope with 
sixteen evaporative wind towers uniformly distributed around its external perimeter, see Figure 1. The 
wind towers are crowned by wind catchers with three cylindrical openings separated by three internal 
walls. Each wind tower produces evaporative ventilation due to the action of one electrical fan and six 
nozzles located just below the wind catcher volume. At the bottom of each tower, six diffusers redirect the 
flow to the pedestrian area. An artificial elevation of the land guarantees the partial confinement of the 
cooling effects in the pedestrian area under the structure. In addition to the implementation of specific 
systems, the structure creates a shading space contributing to further improve the thermal comfort. 
 
 
Fig. 1. Southern ‘Air Tree’ details (a) wind tower; (b) inner view; (c) outside view 
3. Comfort index calculation 
The prediction of the thermal sensation in urban spaces is very complicated and carries a high degree 
of subjectivity depending on many factors difficult to quantify [3]. There are many studies related to the 
comfort levels acieved inside buildings, but thermal sensations in open spaces have been evaluated by 
only a few of them. The main differences between indoor and outdoor conditions are the type of clothing, 
activity and the time exposed to climatic conditions. The existing methods to quantify the thermal comfort 
in outdoors spaces are based on hypothesis such as people age, clothing and developed activity. To 
evaluate the thermal sensation produced by the action of the ‘Air Tree’, the TS outdoor comfort index 
develop by Givoni [4] has been used. This methodology expresses the thermal sensation achieved in open 
spaces by the action of specific meteorological conditions. A comfort index scaled from 1 to 7 has been 
obtained. A value of 1 in the TS index indicates cold ambient and strong discomfort while a value of 7 
represents hot ambient and also strong discomfort. The medium value of 4 corresponds to neutral and 
comfortable ambient conditions.  
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TS index has been calculated as a function of solar irradiation (Ig), wind velocity (Vv) and air 
temperature (T), according to equation (1).  
 
1.2 0.1115 0.0019 0.3185g vTS T I V           (1)  
 
In order to evaluate the influence of the “Air Tree” in improving the thermal comfort of the pedestrian 
zones, three main scenarios have been studied:  
 
 BASE CASE: without using passive elements.  
 
 CASE 1: corresponding to an operation regime where evaporative and forced ventilation is 
applied. This case has been subdivided into two sub-cases: 
o Case 1a. Evaporative forced ventilation 
o Case 1b. Addition of the shading effect to Case 1a. 
 
 CASE 2: corresponding to an operation regime where natural ventilation enhanced by the 
wind towers, is considered. This case has been divided into two sub-cases 
o Case 2a. Natural ventilation effect 
o Case 2b. Addition of the shading effect to Case 2a. 
 
To calculate the comfort index, air temperature, solar irradiation and air velocity under the exit of the 
wind towers, and 1m above the floor have been calculated.  
 
To record the meteorological variables corresponding to the Base Case, a meteorological station was 
installed on the top of a building near the “Air Tree”. It is composed of a combined temperature and 
humidity air sensor, an ultrasonic anemometer and a pyranometer. All variables were registered each 10 
minutes except for the velocity and wind direction where the period of registration was reduced to 1 
minute. The experimental campaign was developed during summer 2008 [5]. 
 
To complete the comfort studies for Cases 1 and 2, some variables have been assessed experimentally 
and some numerically. The air temperature has been measured using three sensors installed under the 
bottom of the “Air Tree” at the distance of 1m from the floor, coinciding with the pedestrian zone. The 
solar radiation at the bottom of the wind towers has been assessed indirectly using the ECOTECT 
software. The simulation model was based on the real geometry of the “Air tree” and used the global 
radiation (measured at the meteorological station) as input data. This software has been used to model the 
solar fraction achieved at the analyzed comfort positions [5]. The air velocity at the bottom of the wind 
towers has also been assessed indirectly, using the CFD software FLUENT. A model for the “Air tree” 
was created and experimentally validated [6]. This model has been used to calculate the air velocity 
achieved at the analyzed comfort positions. 
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A post-processing of the registered data was also performed in order to identify and remove the invalid 
values from the data sample. To that effect, the Box and Whisker methodology [7] has been applied. This 
methodology represents graphically the statistical behavior of the analyzed data series. The diagram 
created shows information about central tendency, dispersion and symmetry of evaluated data.  
 
According to this methodology, physically impossible or statistically non representative values of the 
data set (far from the expected distribution) are identified as outliers and should be excluded from the 
measure series. A box plot has been created to evaluate the analyzed series. The bottom and the top of this 
box represent the 25 and 75 percentile respectively while the middle line represents the median value of 
the data series. The extreme values have been calculated considering the inter-quartile range or the 
absolute difference between the 25 and 75 percentile. Records with distances greater than 1.5 times from 
the inter-quartile range are identified as outliers. 
 
Three data series have been considered: records from the meteorological station, data corresponding to 
the evaporative forced ventilation regime and data corresponding to the natural ventilation regime. Figure 
2 shows the Box and Whisker diagrams for the evaporative working mode. The Figure includes the 
diagrams of the temperature, global solar radiation and velocity for Case 1a, Case 1b and the Base Case. 
 
 
Fig. 2. Box and Whisker diagrams for the evaporative forced ventilation mode Case 1.  (a) Temperature; (b) Solar irradiation; (c) 
Wind Velocity 
 
As it can be seen, many outliers have been obtained in the three analyzed solar radiation series which 
have been removed from final data. The temperature diagram only detects outliers when there is no 
shadowing effect into the pedestrian zone (Case 1a). No outliers have been detected in the velocity series.  
 
The application of this statistical study for Case 2, detects extreme values in the data series of solar 
radiation and air velocities at 1 m above ground. When the pedestrian area is shaded by the structure of 
the "Air Tree", few outliers have been obtained. 
4. Results 
The developed studies have been performed for three main cases. The objective is to determine the best 
passive techniques to be implemented to increase the thermal comfort in the pedestrian area. The TS index 
have been calculated for the mid of the day hours, from 12:30 to 15:30h, where ambient conditions are 
more critical. 
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4.1. Base case 
The studied Base Case is characterized by the absence of passive techniques. Used as a reference, it 
allows the comparison between the ambient TS index and the corresponding index of the studied 
scenarios (Case 1 and Case 2), evaluating their effects in the thermal comfort. The base TS index has been 
evaluated using registered meteorological data with no influence of passive systems.  
 
4.2. Case 1. Operation regime: evaporative forced ventilation 
 
The TS index has been calculated in the pedestrian area below the ‘Air Tree’ at 1 m above the floor 
when the fan and the six nozzles are operating. Both systems are working together. Periods of operation 
are one minute and a half with stopping intermediate periods of 30 seconds. As commented above, this 
operation regime has been divided in two different sub cases (Case 1a and Case 1b). 
 
Figure 3 shows the percentage of situations achieved in each thermal scale for the following three 
cases: ambient conditions, Case 1a and Case 1b. 
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Fig. 3. Percentages of situations obtained in each thermal scale of the TS index for Base Case and Case 1 
This figure shows that the action of the evaporative systems with the electrical fan reduces drastically 
the warm sensation to better conditions. This adiabatic cooling reduces the ambient temperature while 
increasing the moisture content of air. In Case 1a the discomfort feeling have been replaced by slightly 
warm (80%) or neutral (20%) sensations, improving the comfort perception of the environmental 
conditions. In Case 1b the combined action of the evaporative ventilation and the shadows produces by 
the whole installation firther increases the percentage of thermal comfort situations. Pseudo-confortable 
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situations have also been obtained with percentages around 20%. These two cases correspond to slightly 
cool and slightly warm situations. This scenario increases the comfort due to the absence of direct solar 
radiation during the hours of maximum insolation. 
4.3. Case 2. Operation regime: natural ventilation 
To complete the analysis of the wind tower performance, the ‘Air Tree’ was forced to operate only as a 
natural ventilation system. This situation has occurred when the evaporative systems and the fan are 
completely stopped. The ‘Air Tree’ is composed of sixteen wind towers each crowned by a wind catcher. 
This structure induces a downward air flow within the tower that exits through the conical diffusers at the 
bottom of it, redirecting the air flow towards the pedestrian area. Like the Case 1, TS index has been 
calculated in the pedestrian area below the ‘Air Tree’ at 1 m height. This operation regime has been 
divided in two different sub cases (Case 1a and Case 1b). 
 
Figure 4 shows the percentage of situations achieved in each thermal scale for the following cases: 
ambient conditions (Base Case), Case 2a and Case 2b. 
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Fig.. 4. Percentages of situations obtained in each thermal scale of the TS index for Case Base and Case 2 
This figure shows that the action of wind towers as natural ventilation systems eliminates the warm 
thermal sensation produce in the base case. Case 2a has obtained high percentages of situations with 
slightly warm sensations (80%) and low percentages with neutral sensations (20%). Both situations 
increase the comfort perception of the environmental conditions. In Case 2b the combined action of the 
natural ventilation and the shadows replaced the warm and slightly warm situations to neutral sensations 
(100%). This scenario increases the comfort perception of the environmental conditions due to the 
absence of direct solar radiation during the hours of maximum insolation.  
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5. Conclusions 
To improve the environmental conditions of a boulevard in Madrid, one cylindrical structure (called 
“Air Tree”) has been constructed including three passive techniques: shadowing, evaporative cooling and 
ventilation. An experimental campaign has been carried out during the summer of 2008 to analyze the 
thermal influence that these techniques have on the thermal comfort. The outdoor TS index has been used 
to evaluate the thermal sensation of the pedestrian zone. Two theoretical models have been developed to 
complete the input variables needed to the outdoor comfort studio. Three different scenarios have been 
studied: ambient conditions (base case), evaporative forced ventilation (Case 1) natural ventilation (Case 
2). The last two cases have been divided in two sub cases: depending on whether the pedestrian area is 
shaded (b) or not (a).  
 
Case 1 and Case 2 improve the environmental conditions of the boulevard, especially when the 
pedestrian zone is shaded (b). Both situations achieve higher percentages of thermal comfort zones than 
the base case. Therefore, the use of the natural resources through the passive techniques implemented at 
this installation improves the thermal quality of the boulevard during the summer months. 
 
Despite having different periods of time for Case 1 and Case 2, the combined action of nozzles and 
electrical fan gets better comfort rates than natural ventilation. Given the conditions of Madrid (dry and 
hot), the adiabatic cooling has a very high cooling potential.  
 
Two new projects, in design stage, have been derived from the results of this study in order to 
ameliorate comfort in urban open spaces. The first one is focused on the performance of wind tower 
systems under different conditions. The second one is focused on determining the impact of atmospheric 
conditions into urban areas which affects climate, air quality and the comfort level in the city.  
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